Abstract Leptin, a 16-kDa cytokine produced mainly by the adipose tissue, is known to increase energy expenditure while at the same time lowering food intake by acting directly on the hypothalamus. ObRb, the leptin receptor mostly involved in intracellular signaling, is expressed in a wide range of tissues, thus allowing leptin to affect a much broader diversity of biological processes. High concentrations of leptin are encountered in patients with hyperleptinemia, a condition which very often accompanies obesity and which is a direct result of leptin resistance. In the present study, moderate and high concentrations of leptin (16 and 160 ng/ml) were mostly utilized in order to investigate the role of this cytokine in oxidative stress levels in human monocytes.
Leptin was found to increase oxidative species production as measured with 2′,7′-dichlorodihydrofluorescein diacetate (general marker of oxidative species, but not O 2 −. ) and dihydroethidium (marker of O 2 −. ). Surprisingly, it also augmented superoxide dismutase activity. Inhibition of the Na + -H + exchanger isoform 1 (NHE1) also inhibited leptin-induced superoxide anion production but at the same time amplified leptin-induced production of other oxidative species. Signaling proteins such as phosphoinositide 3 kinase and conventional isoforms of protein kinase C (α-, β i -, β ii -), as well as NADPH oxidase, also participated in leptin signaling. Finally, leptin was found to increase glutathionylation levels of NHE1-bound heat shock protein 70 kDa (Hsp70) but not Hsp70 binding to NHE1. 
Introduction
Leptin, the product of the ob gene, is a 16-kDa cytokine produced mainly, but not exclusively, by the adipose tissue (Sweeney 2002) . Soon after its identification in 1994 and as its role in body energy regulation became increasingly apparent, it was heralded as the "cure for obesity" (Zhang et al. 1994; Auwerx and Staels 1998) . Hyperleptinemia very often accompanies obesity and can thus be viewed as the body's attempt to reduce food intake while at the same time increasing energy expenditure (Considine et al. 1996) . Following extensive studies, it is clear today that human obesity is too complex a condition to be combated with mere leptin level manipulation. However, it is also clear that leptin is not confined to just regulating body weight and energy expenditure but has a pleiotropic role, affecting such diverse processes as the reproductive system rhythm and the immune response (Ahima and Osei 2004) . Leptin mediates its action mainly through its receptor, Ob gene receptor b (ObRb). At least six leptin receptor isoforms have been characterized so far (ObRa-f) with ObRb being the only one with cytoplasmic domains capable of participating in signal transduction (Sweeney 2002) . Binding of leptin to ObRb initiates the Janus kinases/signal transducers and activators of transcription pathway as is common with type II cytokine receptors, thus allowing the signal to reach a number of downstream protein targets. ObRb is expressed in smooth muscle cells and endothelial cells, as well as in most (if not all) types of blood cells, including the subject cells of our present study, monocytes (Peelman et al. 2004) .
Monocytes are cells of the immune system that are the precursors of macrophages, cells capable of phagocytosing entities they encounter that are either foreign to the organism such as bacteria and other large enough particles or originate within the organism but need to be cleared, such as apoptotic cells (Gregory and Devitt 2004) . As a consequence, phagocytosis is crucial to survival as it neutralizes potential threats to the life of the organism. However, phagocytosis of non-degradable materials leads to their cytoplasmic accumulation, which in time can seriously disrupt normal macrophage function. Oxidized low-density lipoproteins (oxLDLs) are such materials. Their intracellular accumulation can lead macrophages towards becoming foam cells, fundamental components of atheromatous plaques (Glass and Witztum 2001) .
Monocytes, along with neutrophils, are cells capable of executing the respiratory burst, the rapid release of reactive oxygen species (ROS) aimed at eliminating bacteria or other infectious threats (Demaurex et al. 1996; Sanchez-Pozo et al. 2003) . Low-density lipoproteins (LDLs) in the vicinity of the burst can be oxidized towards oxLDLs (Cathcart 2004) . High concentrations of oxidative species cause damage to proteins and can pose a serious threat for cells. As a result, cells have anti-oxidant mechanisms such as binding of the protein heat shock protein 70 kDa (Hsp70) to sensitive proteins and high concentrations of the anti-oxidant tripeptide glutathione (Xu and Giffard 1997; Suzuki et al. 2005) . However, apart from their crude oxidizing role, reactive oxygen species, as well as reactive nitrogen species (RNS), are increasingly being recognized as also having a role in intracellular signaling (Gutierrez et al. 2006) .
In a recent study, we reported that leptin, at a concentration representative of high hyperleptinemic levels (160 ng/ml), amplified certain human monocyte atherosclerosis-related properties, such as monocyte adhesion to and migration through laminin 1 (a constituent element of the extracellular matrix), as well as oxLDL phagocytosis (Konstantinidis et al. 2009 ). It was observed that the Na + -H + exchanger isoform 1 (NHE1) was implicated in the signaling pathways which regulated all the aforementioned atherosclerosis-related properties. This ubiquitously expressed isoform has a major housekeeping role through the regulation of intracellular pH (pHi) and cell volume via the exchange of extracellular Na + with H + in a 1:1 ratio (Putney et al. 2002) . Additionally, through its cytoplasmic C-terminal domains, NHE1 is known to interact with the cytoskeleton as well as a variety of cytoplasmic proteins, through which it accepts signals initiated by molecules such as glucose, hormones, and others which affect its activation (Bourikas et al. 2003; Koliakos et al. 2004) . Through these interactions, NHE1 is both itself regulated and also able to regulate cellular functions such as cell motility and cell survival (Malo and Fliegel 2006) . A recent study concluded that Hsp70 had a crucial role in maintaining Na + -K + -ATPase cytoskeleton anchorage in rat renal epithelial cells during recovery after stress caused by a low-protein diet (Ruete et al. 2008) . NHE1 is also anchored to the cytoskeleton and it is possible that this interaction is also protected by Hsp70 during stress (Koliakos et al. 2008) .
The aim of the present study was to shed light on the effect of leptin on the quality and quantity of oxidant species production, as well as on intracellular anti-oxidant mechanisms in human monocytes. In addition, we attempted to study the position and role of NHE1 during this leptin effect.
Materials and methods

Materials
Recombinant human leptin was from R&D systems (Minneapolis, MN, USA). Ficoll-Paque Plus (1.077 g/ml), Percoll (1.130 g/ml), and the enhanced chemilumines-cence (ECL) plus kit were from Amersham Biosciences (Sweden-now GE Healthcare, UK). 27′.7′-Dichlorodihydrofluorescein diacetate (H 2 DCFDA), dihydroethidium (DHE), anti-human CD14 R-phycoerythrin-conjugated antibody, 7-aminoactinomycin D (7-AAD), diphenyleneiodonium chloride (DPI), N ω -nitro-L-arginine methyl ester hydrochloride (L-NAME), nigericin, iodoacetic Na, methazolamide, 4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS), diethylenetriamine-penta-acetic acid (DTPA), superoxide dismutase (SOD) standards, and xanthine oxidase were from Sigma (St. Louis, MO, USA). Bis-(carboxyethyl)-5(6)-carboxy-fluorescein acetoxymethyl ester (BCECF-AM) and hypoxanthine were from AppliChem (Darmstadt, Hesse, Germany). Cariporide was from Sanofi-Aventis (Paris, France). Iscove's Modified Dulbecco's Medium (IMDM), fetal calf serum (FCS), penicillin/streptomycin, and L-glutamine were from Biochrom (Berlin, Germany). Cytochalasin D, wortmannin, and 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium monosodium salt (WST-1) were from Fluka (Switzerland). GF109203X and Gö6976 were from Alexis (Lausen, Switzerland). Protein A/G PLUS-Agarose, control immunoglobulin G (IgG), and primary (anti-NHE1, anti-Hsp70, anti-glutathione (GSH)) and horse radish peroxidase (HRP)-conjugated secondary (anti-rabbit, anti-goat, anti-mouse) antibodies were from Santa Cruz Biotechnology (CA, USA). The biotinylated protein ladder (markers) and anti-biotin secondary antibody were from Cell Signaling Technology (MA, USA). All other reagents were of analytical grades and were obtained from commercial sources.
Leptin and inhibitors
The three leptin concentrations used (1.6, 16, 160 ng/ml) for the dose-response tests represent normal, high normal or moderate hyperleptinemic, and high hyperleptinemic levels, respectively. The latter two can be observed in patients suffering from hyperleptinemia, a direct result of severe obesity and its associated leptin resistance (Zarkesh-Esfahani et al. 2001; Dong et al. 2006) .
Cariporide (20 nM) inhibits NHE1. Wortmannin (50 nM) inhibits phosphoinositide 3 kinase (PI3K). GF109203X (10 μΜ) inhibits all protein kinase C (PKC) isoforms. Gö6976 (500 nM) inhibits alpha-and beta-PKC isoforms (PKC α , PKC βΙ , and PKC βΙΙ ). DPI (10 μΜ) inhibits NADPH oxidase and nitric oxide synthase. L-NAME (100 μΜ) inhibits solely nitric oxide synthase.
Monocyte isolation
Monocytes were isolated from heparinized whole blood drawn from consenting individuals with normal body mass index, as described previously (Seager-Danciger et al. 2004) . In brief, the drawn blood was diluted with phosphate-buffered saline (PBS) 1× (1 mM ethylenediaminetetraacetic acid (EDTA), pH 7.2) and underlayered using an 18-gauge spinal needle with Ficoll-Paque Plus (1.077 g/ml) in 50-ml falcon tubes. After centrifugation (400×g/20 min/RT/no brake), the peripheral blood mononuclear cell (PBMC) layer was collected and put in new clean 50-ml falcon tubes. There followed three washes with PBS 1× (1 mM EDTA, pH 7.2). The PBMCs were then diluted with complete IMDM and overlayered on 46% Percoll in 50-ml falcon tubes. After centrifugation (550×g/ 30 min/RT/no brake), the monocyte layer was collected, diluted with PBS 1× (1 mM EDTA, pH 7.2), and washed twice with PBS 1× before use in experiments. Monocyte purity in the end samples was measured on a BeckmanCoulter EPICS XL-MCL flow cytometer using anti-CD14-PE antibody and was found to be >85%. Flow cytometry viability measurements using 7-AAD showed <10% staining and thus >90% viability.
Intracellular pH determination
Changes in pHi were measured through modification of a previously described method (Incerpi et al. 1994) . In brief, monocytes suspended in buffer containing (mM) 30 Tris-HCl, 135 NaCl, 5 KCl, 1 CaCl 2 , 1 MgCl 2 , 5 glucose (pH 7.3) were loaded with 2 μg per 10 6 cells BCECF-AM (30 min/37°C) in the dark. Once inside cells, BCECF-AM is readily cleaved towards the fluorescent form BCECF by intracellular esterases. Cells were then washed three times with the same buffer in order to remove the remaining fluorescent probe. When appropriate, cariporide was added and incubation took place (15 min/37°C) in the dark. Along with the inhibitors, 1 mM iodoacetic Na (glycolysis inhibitor), 0.125 mM DIDS (HCO 3 − -Cl − exchanger inhibitor), and 0.4 mM methazolamide (carbonic anhydrase inhibitor) were added to all samples (including the control) in order to avoid any interference from other pHi-regulating systems. Fluorescence was measured immediately after incubation under continuous magnetic stirring at 20°C in a 3-ml quartz cuvette in a Shimadzu fluorescence thermostatic spectrophotometer. Data were obtained as the ratio of the pH-sensitive excitation wavelength (495 nm) to the pH-insensitive excitation signal wavelength (440 nm) with the emission wavelength set at 530 nm. Routinely, at each experiment, calibration of fluorescence versus pH was conducted through the use of the polyether ionophore nigericin (13 μM) which couples K + and H + gradients across the plasma membrane, as previously described (Thomas et al. 1979) . The calibration curves produced were roughly linear in the range of pH 6.5-7.5 (R 2 =0.81-1).
General oxidative species production measurement General oxidative species production was assessed through the use of the fluorescent probe H 2 DCFDA. Monocytes were incubated with 5 μg/ml H 2 DCFDA for 20 min/37°C in the dark in PBS 1× and then washed three times with the same buffer. Cells were then incubated with the chosen inhibitors (15 min/37°C) in 1 ml PBS 1×, followed where appropriate by incubation with leptin (30 min/37°C) in the same volume. At the same time, a control sample was kept under the same conditions but was treated neither with inhibitors nor leptin. After two washes with PBS 1×, monocytes were transferred as 200-μl samples to wells in a 96-well black plate and fluorescence was measured in an LS-55 Perkin-Elmer fluorescence spectrometer with the excitation and emission wavelengths set at 498 and 522 nm, respectively.
Monocytes were loaded with 25 μΜ DHE in the dark (20 min/37°C) in complete IMDM (10% FCS) and were then washed twice with PBS 1×. Cells were then incubated with the chosen inhibitors (15 min/37°C) in 1 ml of PBS 1×, followed where appropriate by incubation with leptin (30 min/37°C) in the same volume. At the same time, a control sample was kept under the same conditions but was treated neither with inhibitors nor leptin. After two washes with PBS 1×, monocytes were transferred as 200-μl samples to wells in a 96-well black plate and fluorescence was measured in an LS-55 Perkin-Elmer fluorescence spectrometer with the excitation and emission wavelengths set at 490 and 567 nm, respectively, as suggested in a previous study (Zhao et al. 2005 ).
Superoxide dismutase activity measurement A modified version of a previously described method was utilized (Peskin and Winterbourn 2000) . The method is based on measuring the inhibitory effect of SOD on the reduction of WST-1 by superoxide, which is produced through the action of xanthine oxidase (XO). In brief, monocytes were treated with leptin (30 min and 1 and 2 h/ 37°C) and washed with cold PBS 1×. Cells were then transferred to clean Eppendorf tubes and incubated on ice for 20 min with lysis buffer 1× (500 μl per 10 6 cells) which contained protease inhibitors (10 μg/ml aprotinin, 10 μg/ml leupeptin, 1 mM phenylmethanesulfonylfluoride (PMSF)). After centrifugation (12,000×g/10 min/4°C), 20 μl from the supernatant of each sample were transferred to wells of a 96-well plate. In separate wells, 20-μl samples of known concentrations of SOD were added in order to be able later to plot a standard curve. Additionally, controls (A: w/o SOD, with WST-1, w/o XO and B: w/o SOD, with WST-1, with XO) necessary for result interpretation were also included. This was followed by addition of 200 μl of the reagent mixture (50 mM Tris-HCl, 0.1 mM DTPA, 0.1 mM hypoxanthine, 51.5 μΜ WST-1, 4.5 U/ml xanthine oxidase, pH 8.0) in every well that was used. The 96-well plate was incubated 20 min/RT with gentle agitation and then absorbance was measured at 450 nm in an enzyme-linked immunosorbent assay plate reader. Absorbance measurements were converted into SOD units per milliliter through the use of the standard curve and then SOD activity was calculated through the equation: SOD activity (inhibition%)={[(control B−control A)−(sample−control A)]/(control B−control A)}×100.
Immunoprecipitation of NHE1 and Western blotting
In brief, monocytes were incubated with the pharmacological inhibitors and leptin, followed by two washes with ice-cold PBS 1×. They were then lysed with lysis buffer (1% Nonidet P-40, 0.5% deoxycholic acid, 0.05% sodium dodecyl sulfate (SDS), 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 3 mM KCl, 1 mM EDTA, protease inhibitors [10 μg/ml aprotinin, 10 μg/ ml leupeptin, 1 mM PMSF]) at a ratio of 100 μl lysis buffer per 10 6 cells for 1 h/4°C under rotation. Lysates were transferred to clean Eppendorf tubes and kept continually on ice. They were then precleared for 30 min/4°C under rotation with the addition of 1-μg rabbit control IgG and 20-μl Protein A/G PLUS-Agarose in each sample. There followed centrifugation at 1,000×g/5 min/4°C and transfer of the supernatants to clean Eppendorf tubes, always on ice. The protein concentration in each sample was measured with bicinchoninic acid (BCA) and, with the addition of appropriate volumes of lysis buffer, the samples were calibrated to the same protein concentration. Next, 1-10 μl of anti-NHE1 primary antibody were added to 100-500 μg of protein in each sample and incubation ensued for 1 h/4°C. After this, 20 μl Protein A/G PLUS-Agarose were added to each sample followed by incubation overnight/4°C under rotation. The following day, the samples were centrifuged at 1,000×g/ 5 min/4°C and the pellets were washed three times with lysis buffer. After the final wash, protein concentration was assayed with BCA again and the samples were diluted with loading buffer not containing dithiothreitol. Thirty microliters from each sample were separated in four 8% SDS-polyacrylamide gel electrophoresis gels. After electrophoresis, one gel was set aside for silver staining in order to reevaluate protein concentrations, while the other three gels were used for the semi-dry blotting procedure. After the transfer, the nitrocellulose membrane was blocked for 1 h/ RT, followed by overnight incubation with anti-NHE1 primary antibody or anti-Hsp70 primary antibody or anti-GSH primary antibody under gentle agitation. After three washes with Tris-buffered saline (TBS)/Tween, the membrane was incubated for 1 h/RT with the appropriate HRPconjugated secondary antibodies (anti-rabbit for NHE1, anti-goat for Hsp-70, anti-mouse for GSH, anti-biotin for the markers). After three more washes with TBS/Tween, the protein bands were visualized on photographic film using an ECL kit.
Statistical analysis
Values are expressed as the arithmetic means±standard deviations (SDs) of at least six experiments. Comparison between groups was conducted through the two-tailed paired t test and the one-way analysis of variance with the Student-Newman-Keuls test. P<0.05 was used as the minimum accepted significance level. For the statistical evaluation, the statistical software GraphPad InStat version 3.00 was used (GraphPad Software, San Diego, CA, USA, www.graphpad.com).
Results
Effect of leptin on intracellular pH
Leptin was found to increase pHi at every concentration that was used (Fig. 1) . In more detail, leptin at concentrations of 1.6, 16, and 160 ng/ml caused pHi values of 7.09±0.12, 7.18±0.22, and 7.11±0.14, respectively, compared to a control value of 6.85±0.05. Pharmacological inhibition of NHE1 abolished the pHi-raising effect of leptin. As described in the "Materials and methods" section, appropriate inhibitory measures were taken in order to eliminate any interference from other pHi-regulating mechanisms. The effect of H + -ATPase on pHi should be considered negligible as the measurement involves circulating monocytes and not fully differentiated macrophages (Heming and Bidani 2003) . Consequently, all the observed changes in pHi must be attributed exclusively to NHE1 action.
Effect of leptin on general oxidative species production
The fluorescent probe H 2 DCFDA was used in order to assess the effect of leptin on oxidative species production. This probe was in the past thought to be a good indicator of H 2 O 2 . However, it is today considered a more general marker of oxidative stress since it does not only interact with H 2 O 2 but also with a variety of species (both ROS and RNS) such as OH•, ROO•, NO•, and ONOO − to name but a few (Gomes et al. 2005) . Leptin, at concentrations of 16 and 160 ng/ml, was found to increase oxidant species production (Fig. 2) . Since the effect peaked at 16 ng/ml, this concentration was chosen in order to investigate the effect of specific pharmacological inhibition on leptininduced oxidative species production. Leptin (16 ng/ml) increased oxidant species production (2.26-fold compared to the control) and this was further enhanced when NHE1 was inhibited (2.97-fold and 1.32-fold compared to the control and the leptin sample, respectively; Fig. 3 ). Inhibition of either PI3K or NADPH oxidase attenuated the effect of leptin (Fig. 3) . Inhibition of either NHE1, PI3K, or NADPH oxidase in the absence of leptin did not affect basal oxidant species production ( Table 1) . Inhibition of PKC and NO synthase did not alter the leptin effect (Fig. 3) .
Effect of leptin on superoxide anion (O 2 −• ) production
We next measured the effect of leptin on superoxide anion production. H 2 DCFDA is not a good marker of superoxide anions; thus, we used DHE in order to estimate the levels of this free radical (Wardman 2007) . Dose-response results indicated that leptin increased superoxide anion production at concentrations of 1.6 and 16 ng/ml, with the latter being the peak concentration (Fig. 4) . Leptin (16 ng/ml) caused a 1.32-fold increase in superoxide anion production (Fig. 5) . This increase was completely prevented when NHE1, PI3K, PKC (α-, β i -or β ii -isoforms), or NADPH oxidase were pharmacologically inhibited prior to leptin addition (Fig. 5) . Inhibition of NO synthase did not appear to have an effect. Sole inhibition of each one of these signaling components in the absence of leptin had no significant effect on basal superoxide anion levels ( Table 2) .
Effect of leptin on superoxide dismutase activity Considering the increase in oxidant species levels caused by leptin, we investigated the effect of this cytokine on the activity of the enzyme SOD, a well-known anti-oxidant mechanism. SOD activity is targeted mainly towards eliminating superoxide anions but at the same time results in increased concentrations of H 2 O 2 . Its mechanism of action is, perhaps crudely but adequately, described by the following reaction: 2O 2 −• +2H + → H 2 O 2 +O 2 (Hancock et al. 2001) . Dose-response experiments showed that leptin at a low concentration (16 ng/ml) caused a transient 1.37-fold increase of SOD activity within 30 min, which then diminished rapidly, reaching control sample levels within 1 h (Fig. 6) . A higher leptin concentration (160 ng/ml) again caused a rapid increase in SOD activity within 30 min (1.47-fold), but this was longer lasting, still being significantly higher than the control after 2 h (Fig. 6 ).
Detection of NHE1-Hsp70 co-immunoprecipitation and Hsp70 glutathionylation
Since leptin could mediate a signal to NHE1 (resulting in its activation and subsequent changes in pHi), we studied the effect of leptin-induced oxidative stress on NHE1 interactions with the anti-oxidant factors Hsp70 and glutathione. Leptin (16 ng/ml) did not appear to increase Hsp70 attachment to NHE1, but it did increase the glutathionylation levels of the already attached Hsp70 molecules. This was concluded as it was observed that anti-GSH blots corresponded exactly to the position of the anti-Hsp70 blots (that is at approximate molecular weight Inhibitor concentrations are mentioned in the "Materials and methods" section of 70 kDa). NHE1 inhibition prior to leptin addition increased both Hsp70 attachment to NHE1 and its glutathionylation levels. PI3K or PKC inhibition prior to leptin addition reversed the leptin effect by increasing Hsp70-NHE1 attachment levels but reducing Hsp70 glutathionylation levels (Fig. 7) .
Discussion
In a previous study, we had shown that leptin could activate NHE1 in human erythrocytes as represented by an increase in pHi (Konstantinou-Tegou et al. 2001 ). We observed the same effect in human monocytes derived from healthy subjects. Leptin activated NHE1 at all three concentrations that were tested and which ranged from normal to high hyperleptinemic levels (1.6, 16, and 160 ng/ml). The fact that NHE1 could be activated even by very low concentrations of leptin (1.6 ng/ml) indicates that NHE1 is particularly sensitive to leptin signaling.
We then proceeded to investigate the effect of leptin on oxidative species production (excluding superoxide anions) by human monocytes. Leptin was found to promote oxidative species production. This was observed at moderate and high hyperleptinemic concentrations (16 and 160 ng/ml, respectively) but not at a concentration which was within the normal range (1.6 ng/ml). A similar leptininduced increase in oxidative stress was observed in a previous study in human umbilical vein endothelial cells (Bouloumie et al. 1999) . Another study utilizing the same cells demonstrated an increase in oxidative stress in cases of hyperleptinemia accompanying obesity (Korda et al. 2008) . During inflammation, monocytes and endothelial cells are in close proximity. Consequently, increases in oxidative species production by both types of cells could create microenvironments in which LDLs could be oxidized towards the more pro-atherosclerotic oxLDLs. Moreover, increased oxidative stress could cause irreversible damage to cells leading to their apoptosis (Dimmeler and Zeiher 2000) . Foam cells formed due to increased cytoplasmic oxLDL accumulation, as well as apoptotic cells, are basic building blocks of atheromatous plaques, a typical event during atherosclerosis (Choudhury et al. 2005) . Additionally, leptin might play a potentially proatherosclerotic role in vascular remodeling (Schroeter et al. 2008) . Therefore, our results indicate that hyperleptinemic patients are more vulnerable to atheromatic plaque formation compared to people with normal leptin levels.
The signaling pathway initiated by leptin resulting in oxidative species production appeared to involve PI3K and NADPH oxidase since their inhibition abrogated the leptin effect. It did however appear to be PKC independent. An interesting finding was that inhibition of NHE1 further enhanced the effect of leptin indicating that NHE1 activity was protective against oxidative species formation. In a previous study, we observed a similar effect when NHE1 was inhibited in epithelial cancer cells (Konstantinidis et al. 2006) . Although no agonist such as leptin was used in that study, we proposed that the detrimental effect of NHE1 inhibition occurred due to cellular stress resulting from the inability of cells to reach the necessary pHi requirements for mitosis. It is possible that the inability of leptin signaling to increase pHi through NHE1 activity, due to the latter's complete inhibition, is translated into additional oxidative stress.
We continued our study by measuring the effect of leptin on superoxide anion production. Superoxide anions are particularly toxic and in combination with other molecules can give rise to other oxidative species (e.g., combined with NO it can produce peroxynitrite or ONOO − ; Touyz 2003) . Concentrations in the range of normal and moderate hyperleptinemic (1.6 and 16 ng/ml, respectively) increased superoxide anion production in human monocytes. Hyper- leptinemic leptin levels had been shown in a previous study to induce superoxide anion production in murine cardiomyocytes (Dong et al. 2006) . Appropriate pharmacological inhibition indicated the involvement of NHE1, PI3K, conventional isoforms of PKC (α-, β i -, β ii -), and NADPH oxidase in this leptin-induced mechanism. NADPH oxidase is known to produce O 2 −• ; as a result, it is a potential terminal point of the signal initiated by leptin. It is also known in monocytes that PKCα, a conventional PKC, is necessary for NADPH oxidase assembly, hence the negative effect of PKC inhibition on O 2 −• production (Cathcart 2004 ). PI3K has also been shown to be activated by leptin in peripheral blood mononuclear cells (which include monocytes; Martin-Romero and Sanchez-Margalet 2001). Furthermore, NHE1 has previously been shown to be directly or indirectly regulated by both PI3K and PKC (Maly et al. 2002; Wu et al. 2004) . The fact that superoxide anion production decreased after NHE1 inhibition indicates the existence of communication between NHE1 and NADPH oxidase. It is also worth noting that NO synthase did not appear to participate in signaling concerning leptininduced oxidative stress since its inhibition had no significant effect on either general oxidative species production or superoxide anion production. We hypothesized that leptin could increase superoxide anion concentration by limiting its neutralization by the enzyme SOD. Consequently, we measured the effect of leptin on superoxide dismutase. Despite the fact that leptin increases superoxide production, we found that at moderate and high hyperleptinemic concentrations it also increases the activity of superoxide dismutase. This enzyme catalyzes the following reaction: 2O 2 −• +2H + → H 2 O 2 +O 2 (Hancock et al. 2001) . Based on our results, leptin increases the concentration of superoxide anions, as well as the activity of superoxide dismutase, thus moving the reaction towards the right. This would result in higher concentrations of H 2 O 2 and oxidative species derived from it. On the other hand, leptin activates NHE1 resulting in decreased intracellular H + which thus limits the reaction. Perhaps this explains the reason for which inhibition of NHE1 amplifies leptin-induced oxidative species production. Inhibition of NHE1 moves the reaction to the right resulting in higher consumption of superoxide anions. This could account for the decrease in the observed leptin-induced superoxide anion production when NHE1 was inhibited. In summary, leptin at moderate hyperleptinemic levels appears to favor the movement of the equilibrium of the above reaction towards the right, leading to increased concentrations of H 2 O 2. Compared to other oxidative species, H 2 O 2 has many of the attributes required in order to serve as a signaling molecule such as higher stability and longer life span. Indeed, it appears to play that role as more and more of its intracellular targets are being revealed (Giorgio et al. 2007) . ) production as measured with the fluorescent probe dihydroethidium (DHE). Monocytes were incubated with the inhibitors for 15 min/37°C followed by incubation with leptin (16 ng/ml) for 30 min/37°C. The arithmetic means of at least six experiments are shown. Error bars indicate standard deviations. The level of significance of the differences between the samples was calculated by ANOVA with a StudentNewman-Keuls post-test. *P<0.05 versus the control sample. **P< 0.05 versus the leptin sample. Inhibitor concentrations are mentioned in the "Materials and methods" section We next sought to investigate the effect of leptin-induced oxidative stress on NHE1 and its interactions with antioxidant mechanisms. Leptin at a moderate concentration (16 ng/ml) was not found to increase Hsp70 attachment to NHE1. It did, however, increase glutathionylation levels of Hsp70 molecules which had already been bound to NHE1. It was recently reported that Hsp70 can regulate glutathionylation through the modulation of the enzymes glutathione peroxidase and glutathione reductase (Guo et al. 2007 ). Inhibition of NHE1 prior to leptin addition increased both Hsp70 attachment to NHE1 and Hsp70 glutathionylation. It would appear that in response to the pro-oxidant action of leptin the cell increases glutathionylation levels of Hsp70 molecules already attached to NHE1 but does not increase the levels of Hsp70-NHE1 attachment themselves. As demonstrated in the results concerning general oxidative stress, it is possible that parallel leptin incubation and NHE1 inhibition cause oxidative stress levels to rise above a certain threshold, after which increased glutathionylation levels are not enough to prevent serious damage and thus the cell also increases Hsp70-NHE1 attachment levels. The effect of parallel leptin inhibition and PI3K or PKC inhibition during which, inversely to leptin action, Hsp70-NHE1 attachment levels increase but Hsp70 glutathionylation levels decrease could be due to similar regulatory effects of these two proteins on NHE1 and thus requires further study.
In conclusion, leptin at hyperleptinemic levels appears to induce oxidative stress in human monocytes. Moreover, through signaling proteins such as PI3K and conventional PKC isoforms (α-, β i -, β ii -), the leptin signal reaches NHE1 and NADPH oxidase with the possibility of communication between the two hinted. The cell's reaction to the leptin effect is to increase glutathionylation levels of Hsp70 bound to NHE1 but not the levels of Hsp70 binding to NHE1. The role of NHE1 in leptin-induced oxidative stress is ambiguous as its inhibition protects against superoxide anion production but at the same time it potentiates the effect of leptin on the production of other oxidative species. Fig. 6 Effect of leptin on superoxide dismutase (SOD) activity. Monocytes were incubated with leptin (16 ng/ml and 160 ng/ml) for 30 min and 1 and 2 h/37°C, lysed and assayed for SOD activity. The arithmetic means of at least six experiments are shown. Error bars indicate standard deviations (SDs). The level of significance of the differences between the samples was calculated by ANOVA with a Student-Newman-Keuls post-test. *P<0.05 versus the respective control sample of the appropriate time point Fig. 7 Detection of NHE1, Hsp70, and GSH after immunoprecipitation with anti-NHE1. Monocytes were incubated with the inhibitors for 15 min/37°C followed by incubation with leptin (16 ng/ml) for 30 min/37°C and then lysed. Cell extracts were immunoprecipitated with anti-NHE1 and then analyzed through Western blot. Anti-Hsp70 and anti-GSH blots were observed at the same molecular weight marker (approximately 70 kDa) indicating that Hsp70 was glutathionylated. Samples: 1 control, 2 leptin 16 ng/ml, 3 leptin 16 ng/ml+ cariporide 20 nM, 4 leptin 16 ng/ml+wortmannin 50 nM, 5 leptin 16 ng/ml+GF109203X 10 μΜ
